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ABSTRACT
Context. Breaks in the surface brightness profiles in the outer regions of galactic discs are thought to have formed by various internal
(e.g. bar resonances) and external (e.g. galaxy merging) processes. By studying the disc breaks we aim to better understand what
processes are responsible for the evolution of the outer discs of galaxies, and galaxies in general.
Aims. We use a large well-defined sample to study how common the disc breaks are, and whether their properties depend on galaxy
mass. By using both optical and infrared data we study whether the observed wavelength affects the break features as a function of
galaxy mass and Hubble type.
Methods. We studied the properties of galaxy discs using radial surface brightness profiles of 753 galaxies, obtained from the 3.6 µm
images of the Spitzer Survey of Stellar Structure in Galaxies (S4G), and the Ks-band data from the Near InfraRed S0-Sa galaxy Survey
(NIRS0S), covering a wide range of galaxy morphologies (−2 ≤ T ≤ 9) and stellar masses (8.5 . log10(M∗/M) . 11). In addition,
optical Sloan Digital Sky Survey (SDSS) or Liverpool telescope data was used for 480 of these galaxies.
Results. We find that in low-mass galaxies the single exponential profiles (Type I) are most common, and that their fraction decreases
with increasing galaxy stellar mass. The fraction of down-bending (Type II) profiles increases with stellar mass, possibly due to
more common occurrence of bar resonance structures. The up-bending (Type III) profiles are also more common in massive galaxies.
The observed wavelength affects the scalelength of the disc of every profile type. Especially the scalelength of the inner disc (hi)
of Type II profiles increases from infrared to u-band on average by a factor of ∼ 2.2. Consistent with the previous studies, but
with a higher statistical significance, we find that Type II outer disc scalelengths (ho) in late-type and low mass galaxies (T > 4,
log10(M∗/M) . 10.5) are shorter in bluer wavelengths, possibly due to stellar radial migration populating the outer discs with older
stars. In Type III profiles ho are larger in the u band, hinting to the presence of young stellar population in the outer disc. While the
observed wavelength affects the disc parameters, it does not significantly affect the profile type classification in our sample. Our results
indicate that the observed wavelength is a significant factor when determining the profile types in very low mass dwarf galaxies, for
which more Type II profiles have been previously found using optical data.
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1. Introduction
Multiple structures observed in galaxies provide us with in-
formation of how galaxies have evolved to their current state.
Galactic discs are generally thought to be the first structures
formed in the collapse of gas and subsequent star formation in
the dark matter halo (e.g. White & Rees 1978; Springel & Hern-
quist 2005), leading to exponentially decreasing surface den-
sity profiles (e.g. Dalcanton et al. 1997; Mo et al. 1998). Since
then galaxies have undergone complex internal and external pro-
cesses creating new, and modifying existing structures that we
observe in low redshift galaxies. The discs show a multitude of
signatures of these processes, such as bars, spirals, rings, lenses,
and tidal features. Many of these structures are manifested as de-
viations from simple exponential behaviour of the surface bright-
nesses of the discs, known as disc breaks1. In fact, it has been
established by Erwin et al. (2005), Pohlen & Trujillo (2006),
Gutiérrez et al. (2011), and Laine et al. (2014), that single ex-
? Tables 1 and 3 are only available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
1 Disc truncations are thought to be separate feature observed in edge-
on galaxies and further out in the discs compared to breaks, see Martín-
Navarro et al. (2012).
ponential discs (generally designated as Type I) form only a mi-
nority among the bright galaxies. These studies have also shown
that discs with two exponential sections, with a down-bending
break (Type II) between the sections, appear roughly in half of
the bright galaxies, and up-bending breaks (Type III) in one third
of them. Naturally, the exact division between the types depends
on how small deviation in the slope is taken to indicate a break.
Discovery of these different disc profile types have raised
the question of how much of the disc properties are original,
and how much they are modified in later evolutionary processes.
Some of the formation theories of Type II profiles do indeed
favour the idea that the discs are formed with a break, for ex-
ample due to angular momentum conservation of the collapsing
gas in the initial galaxy formation (van der Kruit 1987). How-
ever, a majority of the theories assume that the discs are initially
formed exponential, and the breaks result from later evolutionary
processes. Most conclusive formation theories have been devel-
oped for Type II breaks, for which the favoured formation mech-
anism also depends on the morphological type of the galaxy. In
early-type disc galaxies (i.e. T . 2) the breaks are commonly
associated with outer rings and lenses (Type II-OLR, Pohlen &
Trujillo 2006; Erwin et al. 2008; Gutiérrez et al. 2011), with
the radius of the structure matching well with the break radius
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(Laine et al. 2014). These breaks are thought to be associated to
the outer Lindblad resonances of bars, where the outer rings and
lenses are formed in galaxies. In late-type galaxies (i.e. T & 2)
majority of the Type II breaks are assumed to have formed when
a star formation threshold is reached, beyond which radius star
formation is reduced (Type II-CT, e.g. Schaye 2004; Elmegreen
& Hunter 2006; Roškar et al. 2008; Sánchez-Blázquez et al.
2009; Martínez-Serrano et al. 2009). Furthermore, the outer disc
beyond the break can be populated by stellar radial migration,
which could be induced by transient spiral structure (e.g. Sell-
wood & Binney 2002; Roškar et al. 2008; Martínez-Serrano et al.
2009; Roškar et al. 2012), by bar-spiral resonance coupling (e.g.
Minchev & Famaey 2010), or by satellite galaxy interactions
(e.g. Quillen et al. 2009; Bird et al. 2012). In the simulations
of Debattista et al. (2006), the angular momentum redistribution
and radial migration caused by the bar-spiral resonant coupling
was linked to the actual formation of a break in the outer disc,
with observational support for this process found by Muñoz-
Mateos et al. (2013). Radial migration is a slow random-walk
process and therefore the properties of the break should depend
also on the observed stellar populations: the effects are expected
to be more pronounced in the older stellar populations. Alterna-
tive formation scenarios for Type II breaks have also been sug-
gested. Namely, the down-bending breaks that are inside or at
the bar radius (Type II.i) might be formed by redistribution of
matter caused by the bar (Pohlen & Trujillo 2006; Erwin et al.
2008; Kim et al. 2016). Furthermore, some of the Type II breaks
at the disc outskirts could arise from global asymmetries of the
outer discs affecting the azimuthally averaged surface brightness
profiles (Type II-AB, Pohlen & Trujillo 2006; Erwin et al. 2008).
Type III break-formation models favour environmental ori-
gins. In simulations, both minor (Laurikainen & Salo 2001;
Peñarrubia et al. 2006; Younger et al. 2007) and major merger
(Borlaff et al. 2014) events have been shown to spread the outer
disc producing the up-bending profile. Alternatively, gas ac-
cretion could perturb the outer disc forming a Type III profile
(Minchev et al. 2012). Indeed, recent observational studies have
provided support for the external origin of Type III profiles. For
example, Head et al. (2015) found, using two-dimensional de-
compositions of Coma cluster galaxies, that galaxies with Type
III profiles show an increase in the bulge size and luminosity,
compatible with a merger scenario where bulge growth is ac-
companied with a Type III break formation. Eliche-Moral et al.
(2015) studied various scaling relations of Type III discs, but
did not find any significant differences between galaxy types or
between barred and unbarred galaxies. Their results support a
dynamical response in galaxies, possibly due to galaxy interac-
tions, as a formation mechanism. Some indication of environ-
mental origin has also been found in studies where correlations
between the parameters describing the properties of the local en-
vironment of Type III galaxies, and the properties of the profiles
are found (Pohlen & Trujillo 2006; Laine et al. 2014). However,
Type III profiles are not always explained by environmental ef-
fects. Specifically, Maltby et al. (2012) suggested that even 15
% of the up-bending profiles could be explained by an excess of
bulge light at large radii. Also, at lower surface brightness lev-
els the halo light (Bakos & Trujillo 2012; Martín-Navarro et al.
2014; Watkins et al. 2016) or thick disc (Comerón et al. 2012)
could contribute to the surface brightness profile, in a manner
that causes an apparent up-bend in the outer disc.
In particular, Type II breaks have been studied in stellar age
and colour profiles (e.g. g’-r’ in Bakos et al. 2008). The aver-
age Type II colour and age profiles show inside-out blueing or
younger stellar ages, with the bluest colours and youngest stars
being found at the break radius, beyond which the colour again
reddens as the stellar populations become older. This U-shaped
profile has been explained by the star-formation threshold cre-
ating the break, while the outer disc reddening would be due to
radially migrated old stars (e.g. Roškar et al. 2008). Such a clear
connection with the disc evolution and break formation has not
been found for Type I or III profiles. Several authors have stud-
ied the average behaviour of colour and age profiles with varying
samples and techniques, and have reached similar conclusions
(Bakos et al. 2008; Azzollini et al. 2008a; Yoachim et al. 2010,
2012; Roediger et al. 2012; Zheng et al. 2015; Marino et al. 2016
and references therein). Exceptions have also been found so that
some Type II discs have flat colour and age profiles, in a similar
manner as those in Type I discs (Yoachim et al. 2012; Roedi-
ger et al. 2012; Ruiz-Lara et al. 2016). And vice verse, some
of the Type I discs have a U-shaped profile usually associated
with Type II discs (Ruiz-Lara et al. 2016). However, despite the
behaviour of the colour profiles obtained in the literature, how
the basic parameters of the discs change as a function of the ob-
served wavelength has not yet been studied. In addition, possible
morphological-type dependency of the colour profiles has not
been examined, even though the Type II break-formation mech-
anism has been suggested to be different in early- and late-type
galaxies.
So far, not much attention has been paid to how galaxy mass
affects the different processes responsible for the disc profile
types. Galaxies in the opposite ends of the mass scale seem to
have formed the bulk of their mass at different epochs in the
Universe, which should also affect the formation of their discs:
while high mass galaxies grow inside-out as more material is
accreted to the disc, low mass galaxies shrink as the feedback
processes are more efficient in getting rid of the gas (e.g. Pérez
et al. 2013; Pan et al. 2015). Herrmann et al. (2013) found that
in many parameters the breaks form a continuation from the low
mass dwarfs to high mass disc galaxies. For example, the break
radius systematically increases with galaxy stellar mass or with
the absolute magnitude of the galaxy (e.g. Pohlen & Trujillo
2006; Muñoz-Mateos et al. 2013; Herrmann et al. 2013). Her-
rmann et al. (2013) also found that the down-bending Type II
breaks are significantly more common among the dwarf galax-
ies. However, a majority of their sample consisted of dwarf ir-
regular galaxies, leaving a gap from the high mass disc galaxies
to the normal low mass disc galaxies, which have not yet been
studied.
In this paper we expand the study of Laine et al. (2014), and
study the properties of the disc breaks in radial surface bright-
ness profiles of a sample of 753 galaxies, using 3.6 µm data
from the Spitzer Survey of Stellar Structure in Galaxies (S4G,
Sheth et al. 2010), and Ks-band data from the Near Infrared S0-
Sa galaxy Survey (NIRS0S, Laurikainen et al. 2011). This com-
bined sample covers a wider range of morphological types and
stellar masses than studied before, and bridges previous studies
that have separately focused on high and low mass galaxies. We
aim to explore what effects the stellar mass has on the basic prop-
erties of the disc breaks, for example, how common they are, and
how the basic parameters change as a function of stellar mass. In
addition, we use optical SDSS/Liverpool Telescope data from
Knapen et al. (2014) for 480 of these galaxies to study how the
disc parameters change as a function of wavelength band.
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Fig. 1. Stellar mass of the sample galaxies as a function of the Hubble type. In addition, histograms of the Hubble type (top) and stellar mass
(right) distributions are shown. Galaxies with infrared data and galaxies with optical data in at least one waveband are shown separately in all
panels. The grey line in the main panel shows the median mass in each Hubble type bin, and defines the division to ‘high’ and ‘low’ mass galaxies
used in section 3.1.
2. Sample and the data
2.1. Sample
We used two infrared surveys as a base for our study, which to-
gether provide a good coverage of the whole Hubble sequence
and cover a wide range in stellar masses of galaxies (−5 .
T . 11, 7.5 . log10(M∗/M) . 11.5). These surveys are the
Spitzer Survey of Stellar Structure in Galaxies (S4G, Sheth et al.
2010) and the Near InfraRed S0-Sa galaxy Survey (NIRS0S,
Laurikainen et al. 2011). From these surveys we selected galax-
ies that fulfil the following criteria:
– Hubble type −2 ≤ T ≤ 9, (using the mid-IR classification
in Buta et al. 2015, and Laurikainen et al. 2011, for S4G and
NIRS0S, respectively),
– minor/major axis ratio of the outer disc b/a > 0.5.
The disc axis ratio criterion is applied to restrict to nearly face-
on or moderately inclined galaxies, for which the surface bright-
ness profile shapes can be determined in a reliable manner. The
Hubble type restriction is applied to exclude Hubble types for
which our methods are unreliable. This sample also extends the
study of Laine et al. (2014) to lower galaxy stellar masses and
later Hubble types. In their study the lower Hubble type limit
is set to T ≥ −3, but in this study the bulge-dominated T = −3
types are excluded because it is difficult to separate the bulge and
disc contributions in the radial surface brightness profiles. In the
later Hubble types our current study extends the study of Laine
et al. (2014) by including types T = 8 and T = 9. The latest
types (T > 9) usually have a patchy irregular morphology and
do not show a well-defined centre, thus complicating the disc
profile studies. The initial sample selection criteria returns 952
galaxies. After inspecting the data we additionally dismissed 199
galaxies, for which the study of the disc profile shape is unreli-
able (e.g. bright saturated stars near the discs, image artefacts,
insufficient image depth for the study of the outer disc). The fi-
nal sample consisted of 753 galaxies with infrared data (28 from
NIRS0S, 725 from S4G). Of these galaxies 262 were included
in the sample of Laine et al. (2014), but for consistency were
reanalyzed here. In Figure 1 we show the masses of the sample
galaxies as a function of Hubble type. We also show the median
mass in each Hubble type bin, which is used to divide galaxies to
‘high’ and ‘low’ masses in section 3.1. In Figure 2 we compare
our sample to some previous disc break studies.
2.2. Data
For the S4G galaxies we used the 3.6 µm images, and the Ks-
band images for the NIRS0S galaxies. For the S4G images we
used the foreground star and artefact masks and galaxy stel-
lar masses from Muñoz-Mateos et al. (2015). The parameters
for the galaxy centres, orientations, ellipticities, background sky
levels, and standard deviations of the background sky (σsky) are
from Salo et al. (2015). The mid-IR morphological classifica-
tions of the galaxies in the S4G are from Buta et al. (2015). For
the NIRS0S galaxies we used the cleaned and flux calibrated Ks-
band images from Laurikainen et al. (2011), where the values of
σsky, galaxy centres, position angles, disc inclinations, and the
morphological classifications are also given.
Optical data is added using the compilation of Knapen et al.
(2014), who collected and prepared the Sloan Digital Sky Survey
(SDSS) images in the u, g, r, i, and z bands from Data Releases
7 and 8 (DR7 Abazajian et al. 2009; DR8 Aihara et al. 2011), for
1768 S4G galaxies. Knapen et al. (2014) have also acquired data
with the Liverpool telescope in the g-band for 111 S4G galax-
ies which do not have SDSS data. Optical data in all five SDSS
bands is available for 450 galaxies in our infrared sample. For 30
galaxies Liverpool telescope g-band data is available, resulting
in 480 galaxies having g-band data. Three of the galaxies with
Ks-band data from NIRS0S have data in the five SDSS bands.
Properties of the sample galaxies, and available bands are in-
cluded in Table 1, which is available in full form at the CDS.
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Fig. 2. A comparison of our sample with some previous disc profile
studies (Pohlen & Trujillo 2006; Erwin et al. 2008; Gutiérrez et al. 2011;
Herrmann et al. 2013; Muñoz-Mateos et al. 2013; Laine et al. 2014).
In the upper panel we show the Hubble types and in the lower panel
the absolute B-band magnitudes. Note that the values are taken from
HyperLeda (Makarov et al. 2014).
The r-band images of SDSS, or the g-band images in case
of the Liverpool telescope data, are used to create initial point
source masks using SExtractor for the optical data (Bertin &
Arnouts 1996). These masks are further manually edited so that
they are suitable for the study of the radial surface brightness
profiles in all the optical bands (see Fig. 3 for examples of
masked images). The use of different masks for infrared and op-
tical data was motivated by the large differences in the amount
of background sources in the images. The 3.6 µm S4G images
have a large number of faint and small sources in the images,
which are not present in the SDSS data. To examine the effect
of the different masks, we acquired the disc profile parameters
from the surface brightness profiles of ∼ 300 galaxies using the
same mask in every band, and found that the changes in the disc
parameters are negligible. The galaxy centre coordinates of the
S4G images were converted to the optical image coordinates us-
ing the astrometry information in the image headers. Our checks
indicated that the astrometry is accurate within ≈ 0.5 arcsec-
onds, comparable to ≈ 1 − 2 pixels in the SDSS data. This
accuracy is enough for our purposes, because large scale outer
structures are studied. The optical images were background sub-
tracted, but nevertheless the background sky level was checked
and σsky was calculated for every image. This was done in order
to determine to what surface brightness level the profiles can be
reliably traced, which will be discussed in more detail in section
2.4.
2.3. Obtaining the surface brightness profiles
The surface brightness profiles used to study the galaxy discs
were created by running the IRAF2 task ellipse, with the cen-
tre, ellipticity, and position angle fixed to the values of the outer
discs. Surface brightness profiles of the S4G galaxies were con-
verted to AB-system magnitudes from the pixel values Fi (MJy
str−1) in the following manner:
µ = −2.5 log10 (Fi) + 20.472, (1)
where the value 20.472 is the surface brightness zero-point of the
flux to magnitude conversion, as calculated from the definition
of the AB magnitude scale (Oke 1974).
The flux calibration of the NIRS0S images was based on
the 2MASS Vega system. The median difference in the aperture
magnitudes between early-type NIRS0S galaxies (−3 ≤ T ≤ 0)
and S4G is 2.566±0.082 (Laine et al. 2014). This value was used
to convert the magnitudes from the Vega to 3.6 µm AB-system,
and it is added when constructing the surface brightness profiles
of the NIRS0S galaxies:
µ = −2.5 log10 (ADU) + 2.566. (2)
The above conversion has been applied to the surface brightness
values of the Ks-band data of NIRS0S galaxies given in Table 3,
and in all the figures of this study.
The optical images provided by Knapen et al. (2014) have
headers which include the magnitude zeropoints (magzp) and the
pixel scales (pix). The surface brightness profiles are then con-
structed in the following manner:
µ = −2.5 log10 (ADU) + magzp + 5 log10
(
pix
)
. (3)
2.4. Profile function fitting
We use the method by Laine et al. (2014) to fit the different func-
tions to the surface brightness profiles of the galaxies. The used
function depends on the shape of the surface brightness profile,
determined by visual inspection. Detailed description of the fit-
ting method and the different functions used can be found in Sec-
tion 3.3 of Laine et al. (2014). Similar methods have been used
also in some other studies of disc breaks (e.g. Erwin et al. 2005;
Pohlen & Trujillo 2006; Erwin et al. 2008; Muñoz-Mateos et al.
2013).
We first examined the surface brightness profiles of the in-
frared data in the same manner as in Laine et al. (2014). We
ignored the inner regions of the galaxies, dominated by bulges
and bars, and fit functions to the surface brightness profile where
the disc light dominates. The outermost radius of the fit (rout) is
defined by the radius where over- or underestimating the back-
ground sky level by σsky affects the surface brightness profile
more than ±0.2 mag arcsec−2. The inner fit radius (rin) is always
2 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation.
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Table 1. Galaxy properties.
Galaxy Survey Bands Hubble Stellar mass Distance RB25 R
3.6
24 P.A. b/a
T-type [log10(M∗/M)] [Mpc] [arcsec] [arcsec] [◦] [1 − ]
ESO013-016 S4G 3.6µm 6.0 9.6 22.0 ± 2.3 64.3 57.9 -14.3 0.66
ESO026-001 S4G 3.6µm 5.5 9.4 17.0 ± 7.9 45.4 45.3 19.3 0.94
ESO027-001 S4G 3.6µm 3.5 10.0 15.1 ± 11.4 81.3 86.6 12.5 0.78
ESO079-005 S4G 3.6µm 9.0 9.3 21.2 ± 3.2 58.4 43.0 -8.8 0.59
ESO079-007 S4G 3.6µm 8.0 9.5 25.1 ± 3.7 48.2 41.0 18.3 0.81
ESO085-047 S4G 3.6µm 9.0 8.5 16.7 ± NA 34.8 22.5 31.6 0.54
ESO137-010 NIRS0S Ks -1.0 11.0 43.0 ± 3.0 112.2 83.6 148.8 0.67
NGC3846A S4G 3.6µm, u, g, r, i, z 9.0 9.5 25.3 ± NA 58.1 44.0 38.4 0.65
UGC12846 S4G 3.6µm, u, g, r, i, z 9.0 8.7 27.3 ± 3.2 46.3 13.9 -4.7 0.87
Notes. Sample of the table which is available at the CDS. Data for each galaxy includes available bands, the mid-IR Hubble type (Buta et al.
2015; Laurikainen et al. 2011), stellar mass (Muñoz-Mateos et al. 2015), redshift-independent distance and the standard deviation from NED (NA
indicates that standard deviation is not available, if redshift-independent distance was not available the values were calculated from the redshifts
obtained from NED with H0 = 72 km/s / Mpc), 25 mag arcsec−2 radius in the B-band from HyperLeda (RB25), the 24 mag arcsec
−2 radius of the
infrared data (R3.624 ), and position angle and minor/major axis ratio of the outer disc as measured from the infrared data (Laurikainen et al. 2011;
Salo et al. 2015).
Table 2. The limiting surface brightness and outer radius of profiles.
Band µ(rout) rout/RB25 Nbad Ngood
[AB mag arcsec−2]
u 26.1 ± 0.6 1.1 ± 0.3 127 323
g 26.2 ± 0.6 1.5 ± 0.4 15 465
r 25.8 ± 0.6 1.5 ± 0.4 2 448
i 25.0 ± 0.6 1.4 ± 0.4 15 435
z 24.0 ± 0.6 1.1 ± 0.3 111 339
Ks 22.5 ± 0.5 0.9 ± 0.2 . . . 28
3.6µm 25.1 ± 0.4 1.3 ± 0.4 . . . 725
Notes. Median values of the surface brightness at the outer limit of the
fit range (rout, see Section 2.4 for definition) in different bands, and
the median value of the fit range limit relative to the B-band 25 mag
arcsec−2 radius (RB25, taken from HyperLeda (Makarov et al. 2014)).
The value Nbad indicates the number of galaxies with excluded surface
brightness profiles in each band (see Section 2.4), while the value Ngood
indicates the number of galaxies with usable surface brightness profiles.
selected manually. Inspecting the galaxy images we checked that
this radius is outside bars and bulges. An example of how the fit
range is selected is shown in Figure 3.
Then we automatically fitted the data in all the optical bands
using the same functions and the same initial parameter values
as in the infrared data. The inner limit of the fit range is the same
in all bands for the individual galaxies. As previously noted, the
outer limit depends on σsky, and it is calculated independently
for each band. Each profile and the fit was visually checked and
the fit function changed if the profile type was different in some
band (e.g. Type II in 3.6 µm infrared data and Type I in r-band).
If the data in some band is significantly less deep we marked the
profile and the fit as ‘bad’, and removed it from further analyses.
These are the cases where the image depth is not sufficient for a
reliable determination of the disc parameters. The depth of the
‘good’ data, and the number of good and bad profiles, are shown
in Table 2. In general, the data of the 3.6 µm, g, r, and i bands
are comparable in depth, but the u, z, and NIRS0S Ks band data
are shallower. The image depth achieved here is similar with the
previous studies of disc breaks using the same data sources (e.g.
SDSS data in Pohlen & Trujillo 2006; Erwin et al. 2008, and S4G
data used in Martín-Navarro et al. 2012; Muñoz-Mateos et al.
2013).
To estimate the uncertainties of the disc and break parame-
ters we used a Monte Carlo approach (see also Muñoz-Mateos
et al. 2013; Laine et al. 2014). We assumed that the largest source
of uncertainty is due to the selection of the fitted region, rather
than the statistical error of the fit to the data. We alter the disc-fit
region-limiters independently by drawing 500 new values for rin
and rout, starting from a uniform distribution, which is centred on
the original limit value and has a width of 0.15 × R3.624 , measured
from the infrared data (using Eq. 2 to convert from Ks to 3.6 µm
in the case of NIRS0S galaxies). For example, for NGC 3346
in Fig. 3 this equals to 16.3′′wide distribution. The R3.624 radius
is chosen because it is reached also by the shallower NIRSOS
data. The profile was then fitted with these new limits, and the
standard deviation of the different parameters returned was cal-
culated. The profile type was kept the same, and the initial values
for the fits are also the same in this process. The disc and break
parameter values reported in the following sections and figures
are from the initial fit, and the uncertainties retrieved with the
above methods are included in Table 3, which is available in full
form at the CDS.
2.5. Break type classification
Following the main classification criteria (Pohlen & Trujillo
2006; Erwin et al. 2008), the profiles are divided into four cate-
gories by the behaviour of the outer disc:
– Type I: single exponential.
– Type II.i: a break is seen inside or at the bar radius, and the
outer disc is single exponential.
– Type II: down-bending break in the outer disc.
– Type III: up-bending break in the outer disc.
Some galaxies have even more complex disc profiles with more
than one break in the outer discs, showing a combination of Type
II and III breaks (an example is shown in Fig. 3). A number
of previous studies have further divided the Type II breaks into
several different subgroups (e.g. Pohlen & Trujillo 2006; Erwin
et al. 2008; Gutiérrez et al. 2011), which are not used here. How-
ever, we used a comparable approach and systematically asso-
ciate the Type II break location in the infrared data with different
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Fig. 3. Examples of the radial surface brightness profiles and masked images of different bands, for a prototypical Type II break galaxy NGC 3346
(left panels), and more rare galaxy NGC 3846A with inner Type III and outer Type II break (right panels). The u-band data was excluded from
analysis for NGC 3846A, because the radial profile could not be traced to large enough radius. The profiles at i, z and 3.6 µm are offset with the
values indicated in the legend in order to separate the profiles. The profiles have been cut by rout, while the rin plotted here with vertical dot-dashed
line is the same in all bands (see Section 2.4 for definitions). The grey area under each profile indicates the uncertainty due to over or under
subtraction of the sky by σsky. The break radius (RBR) in each band is plotted with a short vertical line segment, while the disc fits are plotted with
hollow double-lines. In the images rin is plotted with a black dot-dash line, RBR with a red dashed line, and rout with a solid white line. The images
show surface brightness range µ = [17, 27] AB mag arcsec−2, and the x and y-axis scales are in arcseconds. Similar figures for all the galaxies are
available at http://www.oulu.fi/astronomy/DISC_BREAKS/
structural components of the galaxies, in a similar manner as in
Laine et al. (2014). In practice, we connected the breaks with:
– inner rings or lenses (r/l in Table 3),
– outer rings or lenses (R/L),
– radial locations of bright star forming regions in the discs
(BS),
– visual outer edges of the spiral structure (S),
– clearly asymmetric outer discs (AB).
The breaks associated with rings or lenses (r/l/R/L), and those as-
sociated with spiral structures (BS/S) form two major groups of
the Type II breaks (groups a and b, respectively), which will be
discussed in more detail in section 3.2.3. Cases in which we can-
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Table 3. Surface brightness profile parameters.
Galaxy Band Profile rin rout µrout RBR µBR µ◦,i hi µ◦,o ho
type [′′] [′′] [AB mag
arcsec2
] [′′] [AB mag
arcsec2
] [AB mag
arcsec2
] [′′] [AB mag
arcsec2
] [′′]
ESO013-016 3.6 µm II (S) 11.5 70.6 25.4 47.0 ± 0.8 23.76 ± 0.05 21.50 ± 0.02 22.9 ± 0.3 20.57 ± 0.05 16.1 ± 0.2
ESO026-001 3.6 µm II (R) 10.7 56.0 25.2 33.5 ± 0.6 23.03 ± 0.03 21.88 ± 0.05 35.2 ± 2.4 19.64 ± 0.07 11.1 ± 0.2
ESO027-001 3.6 µm I 29.5 95.1 24.9 . . . . . . 20.08 ± 0.05 21.5 ± 0.3 . . . . . .
ESO079-005 3.6 µm I 21.7 51.7 24.9 . . . . . . 21.25 ± 0.04 14.1 ± 0.2 . . . . . .
ESO079-007 3.6 µm I 4.6 53.7 25.4 . . . . . . 21.10 ± 0.03 14.1 ± 0.2 . . . . . .
ESO085-047 3.6 µm III 1.9 67.6 26.1 31.1 ± 0.5 25.15 ± 0.02 23.16 ± 0.02 16.2 ± 0.3 24.51 ± 0.02 46.7 ± 0.6
ESO137-010 Ks I 27.3 71.5 24.6 . . . . . . 20.79 ± 0.01 20.6 ± 0.0 . . . . . .
NGC3846A u Ex. . . . . . . . . . . . . . . . . . . . . . . . . . . .
NGC3846A g III+II 19.9 87.7 26.8 34.8 ± 3.0 22.28 ± 0.20 20.69 ± 0.00 10.5 ± 0.0 23.89 ± 0.03 53.3 ± 0.0
NGC3846A g 19.9 87.7 26.8 56.6 ± 3.2 22.96 ± 0.15 23.89 ± 0.03 53.3 ± 0.0 21.15 ± 0.02 17.1 ± 0.0
NGC3846A r III+II 19.9 83.0 26.3 35.2 ± 3.2 21.94 ± 0.21 20.42 ± 0.00 10.7 ± 0.0 23.48 ± 0.03 53.5 ± 0.0
NGC3846A r 19.9 83.0 26.3 57.9 ± 3.2 22.75 ± 0.16 23.48 ± 0.03 53.5 ± 0.0 20.55 ± 0.03 16.0 ± 0.0
NGC3846A i III+II 19.9 86.8 25.6 35.5 ± 3.1 21.77 ± 0.18 20.51 ± 0.00 12.1 ± 0.0 23.21 ± 0.03 60.9 ± 0.0
NGC3846A i 19.9 86.8 25.6 57.8 ± 3.2 22.56 ± 0.12 23.21 ± 0.03 60.9 ± 0.0 21.36 ± 0.01 22.9 ± 0.0
NGC3846A z III+II 19.9 66.3 25.1 37.6 ± 3.1 21.74 ± 0.23 20.39 ± 0.00 11.7 ± 0.0 23.47 ± 0.04 82.3 ± 0.0
NGC3846A z 19.9 66.3 25.1 55.1 ± 3.1 22.35 ± 0.19 23.47 ± 0.04 82.3 ± 0.0 20.51 ± 0.04 16.5 ± 0.0
NGC3846A 3.6 µm III+II (AB) 19.9 73.5 25.5 35.2 ± 0.5 24.12 ± 0.05 20.88 ± 0.09 11.1 ± 0.4 23.87 ± 0.06 67.4 ± 7.3
NGC3846A 3.6 µm 19.9 73.5 25.5 55.3 ± 0.4 24.73 ± 0.02 23.87 ± 0.06 67.4 ± 7.3 22.01 ± 0.03 22.6 ± 0.2
UGC12846 u Ex. . . . . . . . . . . . . . . . . . . . . . . . . . . .
UGC12846 g I 10.6 44.5 26.6 . . . . . . 23.02 ± 0.02 15.7 ± 0.2 . . . . . .
UGC12846 r I 10.6 44.7 26.0 . . . . . . 22.61 ± 0.01 14.5 ± 0.1 . . . . . .
UGC12846 i I 10.6 37.9 25.1 . . . . . . 22.48 ± 0.02 15.9 ± 0.2 . . . . . .
UGC12846 z I 10.6 32.0 24.7 . . . . . . 22.28 ± 0.06 15.6 ± 0.6 . . . . . .
UGC12846 3.6 µm I 10.6 50.5 26.5 . . . . . . 23.29 ± 0.02 16.4 ± 0.1 . . . . . .
Notes. Sample of the table which is available at the CDS. From the disc profile fits we first give the filter and profile type (Ex. = excluded from
analysis). In parenthesis we give the galaxy structure with which the Type II break has been visually connected with in the infrared data: NA =
no visual association with a specific galaxy structure, BS = in spiral arms near prominent star formation regions, S = visual spiral outer edge, r/R
= inner-/outer-ring, l/L = inner-/outer-lens, AB = asymmetric outer disc. The inner (rin) and outer radius (rout) of the fit region are also given, as
well as the surface brightness at rout (µrout ). The break radius (RBR), surface brightness at the break (µBR), and disc central surface brightness and
scalelengths inside (µ◦,i, hi) and outside (µ◦,o, ho) the break are also given. The values of µ are inclination corrected (µ = µorg − 2.5 log10(b/a)), but
are not corrected for extinction by Galactic dust. Note that the Ks band surface brightness values have been converted to 3.6 µm AB-system using
Eq. 2.
not find any association with a particular galaxy structure com-
ponent we mark as NA in Table 3.
In Pohlen & Trujillo (2006), cases in which the Type II break
arises from asymmetry of the outer disc (Type II-AB) were dis-
carded from statistics. They were not considered as true features
of the disc. In this study the clearly asymmetric cases are in-
cluded into Type II. This is the case for example in NGC 3846A,
shown in Figure 3. Estimating in a quantitative manner whether
asymmetric disc causes the observed break has turned out to be
difficult. We tested whether the asymmetry parameter A mea-
sured for the S4G galaxies in the 3.6 µm data by Holwerda et al.
(2014) could be used for that purpose. This parameter is defined
as:
A =
Σi, j|I(i, j) − I180(i, j)|
2Σi, j|I(i, j)| , (4)
where I(i, j) is the pixel intensity in position (i,j), and I180(i, j)
is the pixel intensity in the same position in an image rotated by
180◦. In completely symmetric galaxies these terms cancel each
other, and A would be very small. However, the application of A
to separate the Type II-AB cases turned out to be difficult due to
the large scatter of this parameter: for example, the fairly sym-
metric Type II galaxy NGC 3346 in Figure 3 (left panels) has
A = 0.52, whereas NGC 3846A (right panels) has a lower value
of A = 0.45, although by eye it appears clearly more asymmet-
ric. The classification of the Type II-AB cases would have to be
done subjectively even with the aid of this quantitative measure
of asymmetry.
Type III breaks have been previously divided into two sub-
groups based on the behaviour of the ellipticity in the outer disc
(e.g. Erwin et al. 2005). When the ellipticity decreases in the
outer edges of the galaxies the break is considered as an effect of
a galactic halo or a large spheroidal (Type III-s). In cases where
this behaviour is not seen, or spiral structure continues beyond
the break radius, the break has been attributed to the disc (Type
III-d). However, in nearly face-on galaxies this division cannot
be made (the discs themselves have nearly circular geometry),
for which reason we did not use these subgroups here.
The division of the Types II and III to various subgroups re-
lies mainly on subjective criteria, which is an general problem of
the disc break studies. There is no consensus even on how large
the deviations from a single exponential profile should be for a
galaxy to have a Type II or III break. In Appendix A we show
that this ambiguity causes some differences between disc break
studies even when using the same methodology.
3. Results
3.1. Break-type distributions
The wide coverage of stellar masses enables a study of the pro-
file type fractions as a function of stellar mass of the galaxies.
In Figure 4 (right panel) we show that the fraction of single ex-
ponential discs (Type I) decreases, while the fraction of Type II
and III breaks increases with increasing stellar mass. The Type
II.i profiles are only marginally more common in more massive
galaxies. These trends are visible also in Hubble types (Fig. 4
left panel), because late type galaxies are generally less massive
(see Fig. 1). Within the uncertainties the obtained fractions in the
infrared (see Table 4 leftmost column) are similar to those found
previously in Laine et al. (2014) for bright galaxies, which form
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Table 4. Statistics of the break types in the surface brightness profiles of the infrared data.
All galaxies (N=753) Low mass bin (N=372) High mass bin (N=381)
Type Fraction Bar fraction Type Fraction Bar fraction Type Fraction Bar fraction
I 30 ± 2% (228) 73 ± 3% I 35 ± 2% (131) 73 ± 4% I 25 ± 2% (97) 72 ± 5%
II.i 6 ± 1% (43) 100 ± 0% II.i 6 ± 1% (21) 100 ± 0% II.i 6 ± 1% (22) 100 ± 0%
II 44 ± 2% (335) 72 ± 2% II 38 ± 3% (143) 66 ± 4% II 50 ± 3% (192) 76 ± 3%
III 25 ± 2% (189) 51 ± 4% III 26 ± 2% (98) 50 ± 5% III 24 ± 2% (91) 53 ± 5%
Notes. The profile types are divided to low and high mass bins by the median mass in the Hubble type bins as shown in Figure 1. We also give
the bar fractions for each profile type. The uncertainties are calculated using binomial statistics, and denote the ±1σ uncertainties. Some galaxies
show two breaks in their discs and are counted twice in the statistics, explaining why the overall percentages can be above 100%.
part of the current sample. As expected, for the bright galaxies
the distribution of the profile types among the Hubble types (Fig.
4 left panel) is similar to that found by Laine et al. (2014) (Fig.
5. upper panel in their study).
We further separated the infrared sample into low and high
mass bins, using the median mass in each Hubble type bin as
shown in Figure 1. As discussed above, the fraction of Type I
profiles changes significantly with stellar mass, being 35% in the
low-mass bin (see Table 4 middle column), and 25% in the high-
mass bin (Table 4 right column). The fraction of Type II profiles
increases from 38% in low-mass bin to 50% in high-mass bin,
whereas Type III fraction stays the same. The distributions of
the fractions of the profile types for low and high-mass bins are
similar among all Hubble types (Fig. 5). The Type III profiles
are most common in the early-type galaxies (T . 4), whereas
the type I fraction increases towards late-type galaxies. In the
high-mass bin the Type II profiles are the most common profile
type in all Hubble-type bins (see Fig. 5, right panel).
Pohlen & Trujillo (2006), Erwin et al. (2008), and Gutiér-
rez et al. (2011) have previously studied the surface brightness
profile breaks in the optical g, r, R, and B bands for bright S0-
Sdm galaxies (median MB = −19.6, corresponds roughly to
log10(M∗/M) ≈ 10.2, see Fig. 2). The fractions of the break
types in Table 4 for the high-mass bin agree well with the frac-
tions reported in Gutiérrez et al. (2011) for Type I and II profiles
(21 ± 3% and 50 ± 4%, respectively in Gutiérrez et al. (2011),
and 25 ± 2% and 50 ± 3% here). Gutiérrez et al. (2011) find a
fraction of 38 ± 4% for Type III profiles, compared to 24 ± 2%
that we find for the high-mass bin. However, the galaxy stellar
mass limits are different in the two studies which could explain
the difference.
Herrmann et al. (2013) have studied the disc breaks in dwarf
galaxies using ultraviolet, optical, and infrared observations.
Their sample consists mostly of dwarf irregular galaxies (96
out of 141, 26 blue compact dwarfs, and 19 Magellanic spirals).
They find that 61% of the galaxies in their sample at all bands
show a Type II profile. Only 8% had Type I profiles, 16% Type
III profiles, and 6% had a combination of Type II and III profiles.
These results for Types I and II are significantly different when
compared to our results in the lowest mass bin in Figure 4 (right
panel), or with the fractions given in Table 4 (middle column).
Herrmann et al. (2013) shows that irregular dwarf galaxies al-
most always have a Type II break. Our sample has only a small
number of such small-mass galaxies (see Fig. 2), but we will
briefly address this difference in Section 4.1.
We find that the profile type is generally independent of the
observed wavelength band if the surface brightness profiles can
be reliably traced to a similar radius (see also MacArthur et al.
2003 and Herrmann et al. 2013). Based on the median level to
which the surface brightness can be followed (see Table 2), the
bands g, r, i and 3.6 µm are similar in depth. In these bands the
profile type was found to be the same in 92 % of the galaxies
(400 out of 433). Furthermore, in cases in which the profiles
could be reliably studied in all six bands, the profile type was
found to be the same in 90% of the cases (258 out of 286). This
is a similar fraction to that found by Herrmann et al. (2013) for
the low-mass galaxies at the end of the Hubble sequence, by
comparing the properties of the discs in ultraviolet, optical, and
infrared bands.
In most of the galaxies in which the profile type depends
on wavelength band, the profiles are single exponentials in the
infrared, and have either Type II (sometimes also Type II.i) or
Type III in g, r, and i bands. In some galaxies an additional sec-
ond outer break appears in the g, r, or i bands. These differences
actually arise from the ability to follow the surface brightness
profiles to slightly larger radii in these bands compared to the in-
fared data, allowing more reliable determination of the breaks at
very large radii (17 out of the 33 cases in which the profile classi-
fication is different, see also Table 2). Only in very rare cases the
break type changes from Type II to III, or vice versa, between
the bands (e.g. four galaxies in the g band). In many cases the
u and z bands were excluded from further analysis, because the
data was not deep enough to reach the break radius seen in other
bands. This artificially increases the fraction of Type I profiles
with respect to Types II and III in the u and z bands.
3.2. Parameters of the discs and breaks in the infrared as a
function of galaxy stellar mass
3.2.1. Central surface brightness and scalelength of the disc
We find that the scalelengths and the extrapolated central surface
brightnesses of the discs correlate with galaxy stellar masses,
which is consistent with that found in the previous studies (e.g.
Courteau et al. 2007; Gadotti 2009; Muñoz-Mateos et al. 2013).
In Figure 6 (panels a-d) we show that these correlations hold
independently also for the inner and outer disc sections of Type
II and III profiles (see also Muñoz-Mateos et al. 2013).
The difference in the central surface brightness between the
inner and outer disc (|µIR◦,i−µIR◦,o|) is on average ∼ 2 mag arcsec−2,
which is very similar for Type II and III profiles (2.1 ± 1.2 and
2.0 ± 1.1, respectively). Furthermore, 97 % of Type II profiles
have |µIR◦,i − µIR◦,o| ∼ 0.5–6, which is in agreement with Muñoz-
Mateos et al. (2013), and with the predictions of the simulation
models by Debattista et al. (2006). Furthermore, 97 % of Type
III profiles have |µIR◦,i − µIR◦,o| ∼ 0.5–5. For Type I profiles the me-
dian values of µIR◦ and hIR are very similar to those obtained for
the inner discs of Type II profiles, particularly at galaxy stellar
masses of log10(M∗/M) . 10. Also, hIRo is similar for Type II
and III profiles.
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Fig. 4. Fractions of the break types in the infrared sample, as a function of the Hubble type, and galaxy stellar mass. The error bars are calculated
using binomial statistics, and denote the ±1σ uncertainties. In the right panel the vertical grey dashed lines indicate the bin limits, selected so that
each bin has roughly equal number of galaxies.
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Fig. 5. Fractions of the break types as a function of the galaxy Hubble type in the infrared sample shown separately for low mass (left panel), and
high mass bins (right panel). The galaxies are divided to low and high mass bins by the median mass of the Hubble type bins shown in Figure 1.
The error bars are calculated using binomial statistics, and denote the ±1σ uncertainties.
3.2.2. Break radius and break strength
We find that in the infrared the break radius, RIRBR, both in Type
II and III profiles correlates with the galaxy stellar mass (Fig.
6 panel e), consistent with the previous studies both in optical
and infrared (e.g. Pohlen & Trujillo 2006; Azzollini et al. 2008b;
Herrmann et al. 2013; Muñoz-Mateos et al. 2013). On average,
Type III breaks appear at 0.5-1 kpc smaller radius than Type II
breaks, although the scatter is large for both types. In galaxies
with M∗ ∼ 109M, RIRBR ∼ 2 − 3 kpc, while in galaxies with
M∗ ∼ 1010.5M, RIRBR ∼ 10 kpc. The correlation of RIRBR with stel-
lar mass is very similar to the correlation between galaxy size
and stellar mass, as shown with the running median of R25.5 at
3.6 µm. As expected, the surface brightnesses where the breaks
appear, are slightly lower for the lower mass galaxies (Fig. 6
panel f). Majority (∼ 90%) of the breaks appear at the surface
brightness interval of 22−25 mag arcsec−2 in 3.6 µm. Herrmann
et al. (2013) has showed also that the surface brightness in the
optical V-band at RBR is ∼ 24 ± 1 mag arcsec−2 in both the late
type dwarfs and the more massive spiral galaxies (their Fig. 8
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Fig. 6. Parameters of the discs and breaks in the infrared as a function of stellar mass. In every panel the solid lines indicates the running medians
of the values. The surface brightness values have been corrected for inclination. The error bars near the figure legend indicate the mean errors of
the values, calculated with propagation of errors.
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Fig. 7. Upper left panel: Distributions of Type II breaks associated with different structure components of the galaxies, as a function of stellar
mass. Upper right panel: Distribution among Hubble types. The Type II breaks connected to spirals in the upper panels includes both the breaks
seen at the spiral outer edges (S) and the breaks seen near prominent star formation regions inside the spirals (BS). Lower panels: Sizes of the
structures (Laurikainen et al. 2011; Comerón et al. 2014; Herrera-Endoqui et al. 2015) are correlated with the RIRBR: in the left panel for rings and
lenses, and in the right panel for spiral structures. The dashed line indicates where feature radius equals RIRBR, and the solid line indicates where
RIRBR equals 0.5× feature radius. The letter in parenthesis is the same as the Type II break association given in Table 3, and the number given in
parenthesis indicates the number of breaks included in each group.
and Table 5), which is compatible with our results. A lack of cor-
relation between the surface brightness at the break radius and
the galaxy stellar mass, combined with the fact that the breaks
appear at about two magnitudes brighter surface brightness lev-
els than the limit of our data (see Table 2 and Fig. 6 panel f),
also indicates that the breaks can be observed similarly in the
low- and high-mass galaxies (similar conclusion was made by
Salo et al. 2015, their Fig. 31). This also means that the depen-
dency of profile type with stellar mass (shown in Fig. 4), is not
an artefact of insufficiently deep data.
The ratio between the inner and outer disc scalelength (hi/ho)
and that of the break radius and the disc scalelength inside the
break (RBR/hi) are often used as measures of the strength of the
break. We find that using both parameters, the Type II break
strength slightly increase with stellar mass, whereas the break
strengths of Type III profiles are roughly constant throughout
the galaxy stellar mass range (Fig. 6 panels g and h).
3.2.3. Connection with the galaxy structure components
Using the measurements of rings, lenses, and spiral structures,
given by Laurikainen et al. (2011), Comerón et al. (2014), and
Herrera-Endoqui et al. (2015) for our sample galaxies, we con-
nected the break radii with these structures. As in Laine et al.
(2014, discussed also in Section 2.5) we have divided the Type
II breaks into two main groups: (a) breaks associated with rings
and lenses (inner r/l or outer R/L, 2% and 33% of Type II breaks,
respectively), and (b) those associated either with bright star-
formation regions inside the spiral arms (BS, 10% of Type II
breaks), or with visual outer edges of the spiral arms (S, 47%
of Type II breaks. Our group of outer rings and lenses (R and
L) is fundamentally the same as the original Type II.o-OLR in-
troduced by Pohlen & Trujillo (2006) and Erwin et al. (2008).
The breaks located at the visual outer edges of the spirals (S) are
comparable to the Type II.o-CT of Pohlen & Trujillo (2006) and
Erwin et al. (2008). In 5% of Type II profiles the break can be
associated with asymmetric outer discs (AB). These are mainly
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Fig. 8. As Figure 6 upper two rows, but now the parameters of Type II have been separated into the two main groups: Type II breaks connected
with outer rings (R), and Type II breaks connected with the visual spiral outer edge (S).
found in the T & 7 galaxies. Only in 3% of Type II profiles
no visual association can be made with particular galaxy struc-
ture component (NA). In Figure 7 (upper panels) we show how
these groups behave as a function of galaxy mass, and Hubble
type. As expected, the Type II breaks associated with rings and
lenses are more common among the high-mass galaxies. On the
other hand, in the lower mass galaxies the breaks associated with
the spiral arms are more common. This mass segregation of the
two main Type II break groups is consistent with their division
among the Hubble types, found also in previous studies (e.g.
Pohlen & Trujillo 2006, see also Laine et al. 2014 and Fig. 7
upper right panel). We do not find any systematic association of
the structure components with Type III break radii.
In Figure 7 we show for Type II profiles how RIRBR correlates
with the radius of the structure the break is connected with. The
radius, both of the ring (r, R) and lens (L) structures, coincide
well with RIRBR (Fig. 7 lower left panel). In the lower right panel
we compare RIRBR with the visual outer edge of the spirals (S), and
with the radius where the spiral arms vanish in the outer disc,
which radius was estimated from the logarithmic spiral section
fits by Herrera-Endoqui et al. (2015). RIRBR connected with spiral
structure outskirts (S) agrees well with the maximum radius of
the spiral arms. Furthermore, the breaks associated with radial
distances of the bright star formation regions inside the spiral
arms (BS) appear at a radius which is approximately 0.5 times
smaller than the maximum radii of the spiral arms.
In Figure 8 we show the central surface brightnesses and
scalelengths of the discs for Type II profiles in which the breaks
are associated with outer rings (R), and those associated with
the visual outer edges of the spiral arms (S). Among the galaxies
with masses log10(M∗/M) . 10, the medians of µIR◦ and hIR of
the inner discs of these two groups are very similar to those of
Type I. Moreover, the largest differences relative to Type I pro-
files for these Type II groups appear in µIR◦ . Both have increas-
ing break radius with stellar mass (i.e. behaviour seen in Fig. 6
panel e), and the average surface brightness at the break radius
is also similar (23.4 ± 1.1 and 23.5 ± 1.0, respectively for those
associated with outer rings and spiral outer edge). However, the
Type II breaks connected with outer rings are on average slightly
stronger (hIRi /h
IR
o ≈ 2.8±1.5 vs. 2.0±0.8), and have smaller val-
ues of RIRBR/h
IR
i (1.7 ± 0.8 vs. 2.2 ± 0.8), than those associated
with the visual spiral outer edges.
3.3. Parameters of the discs as a function of observed
wavelength band
We now focus on studying how the scalelength of the disc and
the properties of the breaks behave as a function of wavelength
band. Here we include only cases where the profile type clas-
sification is the same in all six bands, and the image depth is
sufficient for a reliable determination of the disc parameters out-
side the breaks. We considered only the main Types I, II, and
III having only one break in the profile. Mixed types with two
breaks are not included here, or are the Type II.i profiles. In total
239 galaxies were examined, out of the 258 galaxies in which the
profile type is the same in every band. As the infrared data is a
reasonable estimate of the stellar mass distribution of the galaxy,
it was used as a baseline for the comparison of the parameters in
the other bands.
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Fig. 9. Break radius (RBR) in different bands, normalized with the infrared RIRBR, shown separately for Type II (upper panels) and III breaks (lower
panels). In the left panels we show the behaviour as a function of Hubble types, and in the right panels as a function of stellar masses. In every
panel the galaxies are divided into four bins with roughly the same number of galaxies, and the mean value is calculated in each bin. The bin limits
are shown with vertical grey dashed lines. The error bars indicate bootstrapped ±1σ uncertainty of the mean. The numerical values in the box at
the top of each bin indicate the mean value of the infrared data in that bin, and bootstrapped ±1σ uncertainty of the mean.
3.3.1. Break radius
In Figure 9 we show how the Type II break radius (RBR) in the
different bands compares with that in the infrared, among all
Hubble types (upper left panel) and stellar masses (upper right
panel). The breaks in the u-band appear slightly more inside in
the galaxies than in the other optical bands, especially among
the galaxies with later Hubble types. On the other hand, in g, r, i,
and z bands the breaks appear at similar radial distances, which
is slightly larger than the radius in the infrared. These differences
of ∼ 5% relative to the infrared translates to a mean difference of
∼ 2 arcseconds, which means ≈ 3 pixels at 3.6 µm, and ≈ 5 pix-
els at optical SDSS data. However, these differences are within
the measurement uncertainties of RBR, with contributing factors
from different pixel sizes, the limitations of the disc profile fit-
ting methods, and the different FWHM of the data. In the u-band
the difference is real and it is possible that light could be smeared
in the longer wavelengths, due to the increased velocity disper-
sion and radial migration of the old stars, thus altering the break
radius at longer wavelengths. The behaviour of RBR remains sim-
ilar when it is shown separately for the Type II breaks associated
with the outer rings and spiral outer edges (Fig. 12 upper left
panel). However, RBR in u-band for Type II, associated with the
visual spiral outer edge (S), is more clearly inside the RIRBR.
In all the SDSS bands the Type III RBR is slightly more in-
side than that in the infrared (Fig. 9 lower panels). No strong
variations appear as a function of Hubble type and galaxy stel-
lar mass. The differences in RBR are largest for Hubble types
T ∼ 0 − 6, whereas no differences appear for T < 0 or T > 6.
3.3.2. Disc scalelengths
Type I
In Figure 10 we compare the disc scalelengths of Type I profiles
in different wavelength bands, normalized to the scalelength in
the infrared (h/hIR). We see a systematic behaviour of increasing
h/hIR with decreasing wavelength. There is also a morphological
dependency: in Hubble types T & 6 the ratio h/hIR decreases. It
is worth noticing that the lowest mass galaxies (generally late-
types) have larger gas-to-stellar mass ratios and higher specific
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Fig. 10. Single exponential Type I profile scalelength h, normalized to h at infrared (h/hIR), plotted as a function of Hubble type (left panel) and
as a function of stellar mass (right panel). Definition of the error bars etc. are given in the Figure 9 caption.
star formation rates than the more massive galaxies (e.g. Brown
et al. 2015). This star formation comes through even at 3.6 µm,
which has a contribution from polycyclic aromatic hydrocarbons
and hot dust emission from star formation regions (Meidt et al.
2012), which could explain the decrease in h/hIR in the latest
Hubble types. In types T < 6 h/hIR is nearly constant in each
band. As a function of stellar mass h/hIR is nearly constant in
u-band (Fig. 10 right panel), while in the other bands it slightly
decreases towards lower stellar masses.
Earlier studies also reported that h depends on the observed
wavelength band (e.g de Jong 1996; MacArthur et al. 2003; Fathi
et al. 2010). Fathi et al. (2010) found, in their sample of 30 000
spiral galaxies (1 ≤ T ≤ 8), that the average h has an increase of
35% from r to u-band. This is clearly a larger increase than the
18 ± 4% that we find, which could be because we include only
discs with Type I profiles here.
Type II
In Figure 11 we show the scalelengths of the discs for Type II
breaks, as a function of Hubble type and stellar mass. Shown
separately are the relative scalelengths for the inner (hi/hIRi , up-
per panels) and outer (ho/hIRo , lower panels) discs. Most impor-
tantly we find that hui is on average ∼ 2.2 times larger than hIRi ,
throughout the Hubble type and stellar mass ranges. Also, hgi is a
factor of ∼ 1.3 larger than hIRi . In r, i, and z bands the parameter
hi is the same as in the infrared.
There is also a weak dependency between ho/hIRo and the
observed wavelength band (Fig. 11 lower panels): the ratio de-
creases in Hubble types T & 5 (lower left panel) and at lower
stellar masses (log10(M∗/M) . 10.5, lower right panel) espe-
cially in g and u bands. In the two latest Hubble type bins, and
in the two lowest stellar mass bins, with increasing wavelength
ho approaches the values of hIRo . The change of hi and ho as a
function of wavelength in the late-type and low-mass galaxies is
in qualitative agreement with the average colour profiles studied
by Bakos et al. (2008). For Type II galaxies they found U-shaped
colour profiles which show the bluest colours at the break radius,
followed by reddening with increasing radius.
In Figure 12 (lower panels) we show hi/hIRi and ho/h
IR
o for u,
r, and z bands, separately for the two main Type II groups. The
same general behaviour as seen in Figure 11 holds, but some
differences also appear. Namely, in breaks associated with outer
rings the ratio hui /h
IR
i increases strongly from T . 1.5 to T & 1.5.
This indicates a contribution of star formation in the outer rings
of spiral galaxies, in which galaxies hui can be very large. In ad-
dition, the huo associated with the spiral outer edge decreases rel-
ative to hIRo from T < 5 to T > 5 galaxies, which could indicate
scarcity of young stars in the outer discs, particularly for galaxies
with T > 5.
Type III
We show similar plots for Type III profiles in Figure 13 as we
did for Type II profiles in Figure 11. It appears that in massive
galaxies hi is larger in the optical than in the infrared (upper
right panel), but in low mass galaxies hi is the same in all bands.
However, these changes in hi of Type III profiles between the
different bands are small compared to the changes in hi in Type
II profiles.
In the outer discs of Type III profiles huo is larger than in the
other bands in all Hubble types (Fig. 13 lower panels). In all the
other optical bands ho ≈ hIRo .
3.3.3. Break strength
The fact that hi and ho of Type II and III breaks depend on wave-
length band means that hi/ho, used as a measure of the break
strength, also depends on wavelength. Namely, for Type II pro-
files in u band hi/ho is on average a factor of ∼ 2.5 larger than
in infrared. The break strength then quickly decreases so that
in g band hi/ho is larger only by a factor ∼ 1.3 compared to
infrared. In i and z bands hi/ho is the same as in infrared. For
Type II profiles there is also a small morphological dependency
so that in u band in late-type (T & 5) and low-mass galaxies
(log10(M∗/M) . 10.5) the breaks are stronger than in the more
massive galaxies in earlier Hubble types. This is reflected also in
the behaviour of the disc scalelengths in Figure 11.
For Type III profiles there is no strong change in the break
strength among the different bands. In z, i, r, and g bands the
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Fig. 11. As Figure 10, but the scalelengths of the discs inside (hi, upper panels) and outside (ho, lower panels) of Type II breaks are shown
separately.
Type III breaks are slightly less strong than in the infrared (hi/ho
a factor ∼ 1.05 different), while in the u band the Type III breaks
are slightly stronger (hi/ho a factor ∼ 0.95 different).
Dependency of hi/ho on the observed wavelength band has
been reported previously for Type II breaks by Bakos & Trujillo
(2012). They study four Sb-Sc galaxies, using methods compa-
rable to our study, to derive the disc parameters. In addition,
Radburn-Smith et al. (2012) show, using star count measure-
ments of the Sc galaxy NGC 7793, that the Type II break in
this galaxy is smoother for older stellar populations. We have
shown that Type II break strength is more dependent on the large
changes in hi, than on those in ho.
4. Discussion
4.1. Galaxy stellar mass constraining Type II break formation
We have shown that the fractions of Type I and II breaks de-
pend on the stellar masses of the galaxies: the fraction of Type
I profiles increases, and that of Type II decreases with decreas-
ing stellar mass (see Fig. 4 right panel). This is also reflected
in the distribution of the profile types among the Hubble types:
the single exponential Type I profiles are particularly common
in late-types (T & 6, Fig. 4 left panel). As stellar mass is perhaps
the most fundamental parameter of a galaxy, this raises an im-
portant question: are there processes in lower mass galaxies that
inhibit the break formation, or alternatively, are the breaks form-
ing in galaxies as they grow in mass? This is intriguing especially
when the origin of exponential discs is not yet fully understood
(see for example the review by van der Kruit & Freeman 2011).
The surface brightness in the infrared where the Type II
breaks appear, is uncorrelated with the galaxy stellar mass in
our sample (see Fig. 6 panel f). That is the case also with the
strength of the break (i.e. hi/ho, see Fig. 6 panel g). Since µIRBR is
roughly two magnitudes brighter than the depth of our data (see
Fig. 6 panel f, and Table 2) indicates that we are not misclassify-
ing Type II profiles as Type I in the low-mass galaxies, and also
that the observed trends with mass are not imprints of smoother
breaks or of breaks appearing at lower surface brightness levels.
The trend of Type I becoming more prevalent in lower masses is
further supported by Figure 14. In this figure we show a random
collection of normalized surface brightness profiles of low-mass
S4G galaxies (left panel) which are not included in our sample
(i.e. they have T > 9), but still fulfil our sample selection cri-
terion b/a > 0.5. The used normalization does not change the
location or strength of the breaks, but makes it easier to compare
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Fig. 12. Mean values of RBR/RIRBR, hi/h
IR
i , and ho/h
IR
o for u, r, and z bands separately for the two Type II groups: breaks connected with outer rings,
and breaks connected with the visual spiral outer edge. Both groups are separated into two bins by their median Hubble type, with the bin dividing
values shown as vertical dashed and dot-dashed lines. The error bars indicate bootstrapped ±1σ uncertainties of the mean.
with a single exponential disc, which would appear as a nearly
horizontal lines in this figure. For comparison, in the right panel
of Figure 14 we show high-mass galaxies which are part of this
study. Detailed disc profile analysis has not been done on these
extra low mass galaxies (−17 < MB < −14, roughly equal to
7.5 . log10(M∗/M) . 8.0), but they do possess on average a
single exponential surface brightness profile. Some exceptions
are naturally found, for example ESO 409-015 and IC 4316. On
the other hand, Herrmann et al. (2013) have demonstrated, using
mostly U-, B-, and V-band data, that even 67% of dwarf irregu-
lar galaxies have a Type II break (see also Hunter & Elmegreen
2006; Hunter et al. 2011). Their dwarf galaxies have MB in the
same range as the low mass galaxies shown here in Figure 14.
Dwarf irregular galaxies have a morphology dominated by star
formation clumps, which could manifest as breaks in the surface
brightness profiles at shorter wavelengths. Thus, in dwarf irregu-
lar galaxies the Type II breaks could be more common at optical
bands, even if in infrared their discs have Type I profiles. How-
ever, further studies are needed to fully explain the discrepancy
between our results and those of Herrmann et al. (2013).
4.1.1. Bar induced Type II break formation
In the high-mass galaxies (log10(M∗/M) > 10.5), and early
Hubble types (T . 2), Type II breaks are mostly associated with
outer rings (53% and 74% respectively, 30 % of all Type II in
our sample, see Fig. 7, and Fig. 7 in Laine et al. 2014). The outer
rings are thought to form through gas accumulation at the Outer
Lindblad Resonance of the bar, which has resulted to enhanced
star formation and the emergence of stellar outer ring (e.g. Buta
& Combes 1996). In the early types (T . 2) and generally mas-
sive galaxies, outer rings are commonly found (Buta & Combes
1996; Comerón et al. 2014; Herrera-Endoqui et al. 2015). The
reduced frequency of Type II breaks associated with these struc-
tures in low mass galaxies (i.e. log10(M∗/M) < 10.5, see Fig. 7)
could explain the higher fraction of Type I profiles in low mass
galaxies (together with the decreasing fraction of Type III pro-
files towards lower masses).
In the high-mass and early-type galaxies the formation of
Type II breaks would then result from the angular momentum re-
distribution caused by the bar, followed by subsequent outer ring
formation (e.g. Pohlen & Trujillo 2006; Debattista et al. 2006;
Foyle et al. 2008; Minchev et al. 2012). This is consistent with
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Fig. 13. As Figure 10, but the scalelengths of the discs inside (hi, upper panels) and outside (ho, lower panels) of Type III breaks are shown
separately.
our finding that, compared to infrared, the u-band scalelengths
hui rise by a factor of ∼ 1.3 in galaxies with Hubble types T < 2.
In Hubble types T > 2 star formation in the outer rings seems
to change the properties of the inner disc more strongly, so that
hui is even by a factor of ∼ 2.9 larger than hIRi (Fig. 12 lower
left panel). On the other hand, the scalelengths of the outer discs
(ho) do not depend on the observed wavelength band (Fig. 12
lower right panel). In bright early-type galaxies the behaviour
of hi could be interpreted to arise from star formation in the
outer rings, causing an accumulation of young stars in the in-
ner disc. Star-forming outer rings have been indeed observed in
bright early-type galaxies (e.g. Salim et al. 2012).
Foyle et al. (2008) predict, based on their N-body simula-
tions, that if the break is associated with bar-induced dynam-
ical effects, the inner discs evolve with the bar, whereas the
outer density profiles (i.e. ho) would resemble the initial discs
before the break formation. Our observations are consistent
with that idea: we have shown that ho of Type II profiles with
outer rings (which are bar related features) are similar with the
scalelengths of Type I profiles. This is the case for the bright
galaxies with log10(M∗/M) & 10.5, although the models of
Foyle et al. (2008) do not match our observed properties of low
mass galaxies. Namely, we find that in the lower mass galax-
ies (log10(M∗/M) . 10) the scalelengths of Type I profiles are
larger than hIRo of Type II breaks. Moreover, in the models by
Foyle et al. (2008) a critical parameter for the break formation
is md/λ, where md is disc-to-total mass ratio and λ is halo spin
parameter: the disc is stable with small md/λ values, in which
case fairly exponential disks are expected. Galaxies with small
md/λ corresponds to the low mass and lower surface brightness
galaxies in our sample, which galaxies indeed have more fre-
quently single exponential surface brightness profiles. However,
it is worth noticing that Type II profiles also appear in some low
mass galaxies.
Curiously, in a few high-mass galaxies, the Type II break
is associated with an outer lens (3% of all Type II breaks), or
with an inner ring in an unbarred galaxy (2% of Type II breaks).
These breaks are rare and do not significantly alter the average
behaviour of the disc scalelengths discussed above. In fact, the
outer lenses are also suggested to be assigned to bar resonances
(e.g. Laurikainen et al. 2013). Usually lenses show no star for-
mation, and in such cases the scalelengths of the discs do not
change dramatically with wavelength band. However, it is un-
clear how the inner rings in unbarred galaxies were formed and
many possible scenarios have been proposed, including minor
merging (e.g. Eliche-Moral et al. 2011). Breaks associated with
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Fig. 14. 3.6 µm radial surface brightness profiles normalized with the exponential disc surface brightness (µexp), and disc scalelengths (hr), of
the two dimensional decomposition values from Spitzer Survey of Stellar Structure in Galaxies Pipeline 4 (S4G P4, Salo et al. 2015). A single
exponential disc would appear as horizontal line in this plot (grey lines). In the left panel we show a random sample of 18 low mass galaxies,
which are not part of this study but fulfil the inclination criteria of the sample selection (b/a > 0.5). In the right panel we show random sample of
18 high mass galaxies with Type I, II, and III disc profiles, which are part of this study. In the high mass galaxies we show the location of the Type
II or III break by a short vertical line segment. All the profiles have been cut by the µ = 25.5 mag arcsec−2 radius of the 3.6 µm data.
these inner rings show similar increased hi in the u band as the
breaks associated with the outer rings. The immediate explana-
tion might be the same, namely star formation.
4.1.2. Type II formation through star formation threshold and
radial migration
In low-mass galaxies (log10(M∗/M) < 10.5) the Type II breaks
are more often associated with the visual outer edges of spiral
arms (55% of Type II breaks in galaxies with log10(M∗/M) <
10.5, 47% of all Type II in our sample, see Fig. 7). These Type
II breaks are largely found in late-type galaxies (T & 2, Pohlen
& Trujillo 2006; Gutiérrez et al. 2011; Laine et al. 2014, see also
Fig. 7). The breaks in late-type galaxies are generally thought
to have formed by a star-formation threshold, beyond which star
formation is reduced (e.g. Schaye 2004; Elmegreen & Hunter
2006; Pohlen & Trujillo 2006 and references therein). The loca-
tion of the star-formation threshold in the disc depends on the
surface mass density of the cold gas (Schaye 2004; Roškar et al.
2008), or alternatively on the gas volume density as a result of
a warp in the gas disc (Sánchez-Blázquez et al. 2009). Azzollini
et al. (2008b) have revealed that in z ∼ 1 galaxies the breaks
are located much closer to the centre than in the local Universe.
They argue that the evolution in the break position could be ex-
plained by the star formation threshold moving to larger radii as
the galaxies grow in an inside-out fashion.
In the late-type spiral galaxies with Hubble types T & 2
radial migration could further modify the outer disc. The mi-
gration could be induced by the transient spiral structure (e.g.
Sellwood & Binney 2002; Roškar et al. 2008; Martínez-Serrano
et al. 2009; Roškar et al. 2012), bar-spiral resonance coupling
(e.g. Minchev & Famaey 2010), or satellite galaxy interactions
(e.g. Quillen et al. 2009; Bird et al. 2012). Migration is a slow
random process, and the consequences should be best observed
when comparing the youngest (∼ u-band) and the oldest stellar
populations (∼ infrared).
Our results show that in galaxies having log10(M∗/M) <
10.5 and 4 . T . 9, hi is a factor of ∼ 2.2 larger in the u-band
than in the infrared, indicating the presence of young stellar pop-
ulations in the inner discs (Fig. 11 upper panels). In addition, in
these galaxies there is a weak systematic behaviour in ho: it is
slightly shorter in bluer wavelengths, and the difference to in-
frared increases when moving to later Hubble types and lower
stellar masses (i.e. in T ≈ 8, ho is on average 10% smaller in u-
band compared to infrared, Fig. 11 lower panels). The same be-
haviour in hi and ho appears when studying separately the Type II
breaks associated with the visual spiral outer edges (see Fig. 12).
This behaviour of the disc scalelengths in late-type T & 4 galax-
ies is in qualitative agreement with the star-formation threshold
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creating a break in the surface brightness profile, with radial mi-
gration modifying the properties of the outer disc. The radial
migration could populate the outer discs with older stars, which
have had more time for the excursion, therefore increasing ho
at longer wavelengths. The radial migration could also be work-
ing more effectively in the latest galaxy types and lowest stellar
masses (T ≈ 8, log10(M∗/M) ≈ 9.5), where the largest changes
in ho are seen between the different bands. However, the effect
of galaxy morphology on the radial migration process has not
received much attention in simulations.
Star count observations of the Sc galaxy, NGC 7793, by
Radburn-Smith et al. (2012) have similarly shown that the scale-
length of the inner disc increases, while that of the outer disc
decreases, towards younger stellar populations. This is compara-
ble with the behaviour described above for the late-type galaxies
with Type II breaks in this study. Radburn-Smith et al. (2012)
further compare their observations with N-body simulations and
argue that stellar radial migration indeed is responsible for the
increasing scalelength of the outer disc. Observations of Marino
et al. (2016) have also revealed that Type II profiles in low-mass
galaxies (< 1010M) are associated with weaker metallicity gra-
dients in the disc, compared to Type II profiles in more massive
galaxies. They suggested that stellar radial migration is caus-
ing this metallicity flattening in the low-mass galaxies. The in-
crease in ho at longer wavelengths is also comparable with the
U-shaped colour and stellar age profiles observed for some of
the Type II galaxies, which show bluest colour and age minima
at the break radius, as well as disc reddening and increasing stel-
lar ages outside the break (Azzollini et al. 2008a; Bakos et al.
2008; Yoachim et al. 2010, 2012; Roediger et al. 2012; Zheng
et al. 2015).
In principle it is possible that the star-formation threshold
plays a smaller role for creating the disc breaks in lower stel-
lar mass spirals, due to an increased efficiency of feedback pro-
cesses that redistribute the gas. Combined with radial stellar mi-
gration weakening the break, this process could erase or even
inhibit formation of Type II breaks in the infrared in these low-
mass spirals, where we actually see more Type I profiles. Indeed,
in these low-mass galaxies the inner discs (hIRi and µ
IR
◦,i) of the
Type II breaks, associated with the spiral outer edges, are simi-
lar to those of Type I profiles (i.e. log10(M∗/M) . 10, see Fig.
8 left panels).
4.2. Implications on Type III break formation
The formation processes of Type III breaks are perhaps the least
understood, and in general they are thought to have formed by
environmental processes. Both minor (Laurikainen & Salo 2001;
Peñarrubia et al. 2006; Younger et al. 2007) and major merg-
ing processes (Borlaff et al. 2014) have been shown to produce
up-bending profiles in simulations. Indeed, some of the galaxies
with Type III profiles are easily recognized to be interacting sys-
tems (e.g. NGC 474, NGC 722). Also, Laine et al. (2014) have
previously found that hi and ho of Type III profiles of high mass
galaxies correlate with the Dahari-parameter, estimating the tidal
interaction strength imposed by the neighbouring galaxies. With
higher tidal interaction strength the scalelengths increase, which
could result from environmental effects modifying the disc pro-
file. On the other hand, in the simulations of Minchev et al.
(2012) smooth gas-accretion destabilizes the outer disc, thus
spreading the disc and forming a Type III profile. Gas accretion
and galaxy mergers might both contribute to the results of Head
et al. (2015). They find that the Coma cluster S0s with a Type III
break show an increased bulge size and luminosity compared to
S0 galaxies with Type I or II profiles, which hints to a process
that simultaneously causes build-up of the central mass concen-
tration and spreading of the outer disc. Suitable star-formation
conditions could also produce an up-bending profile without ad-
ditional environmental effects, as shown in the semi-analytical
models of Elmegreen & Hunter (2006).
The previous studies (e.g. Pohlen & Trujillo 2006; Gutiér-
rez et al. 2011), including this study, have shown that the Type
III profiles are more common in the early-type galaxies (T . 3,
see Fig. 5). In principle the increased fraction of Type III pro-
files among the earlier Hubble types could be a manifestation of
the morphology-density relation (Oemler 1974; Davis & Geller
1976; Dressler 1980), which could be further supported by the
slightly increasing fraction of Type III profiles with galaxy stel-
lar mass, as expected if mergers or gas accretion are playing an
important role in creating these profiles.
What would be the observed signatures of the above pro-
cesses creating the Type III profiles? Generally minor and major
merging events, in which at least one of the progenitor galax-
ies has a supply of cold gas, boosts star formation in the rem-
nant galaxy. Similarly, gas accretion into the discs for example
via cold streams, may induce star formation and a growth of the
disc (e.g. Lemonias et al. 2011; Moran et al. 2012, and refer-
ences therein). Both merging and gas accretion could form an
extended UV-disc (XUV-disc), which can show star formation
much further out in the galaxy than the optical disc. In fact, the
total fraction of Type III profiles (24%) closely matches the ob-
served fraction of XUV-discs (∼ 25%, e.g. Gil de Paz et al. 2005;
Thilker et al. 2005; Zaritsky & Christlein 2007). We performed a
cross-match between our sample and the XUV-disc catalogue of
Thilker et al. (2007), which revealed that 26 of our sample galax-
ies have XUV-discs reported in this catalogue. It appears that
our disc profile types have no connection with the presence of
a XUV-disc. Among these 26 galaxies the profile type fractions
resemble those of our full sample (i.e. ∼ 20% Type I, ∼ 50%
Type II, and ∼ 30% Type III, see also Table 4).
We find that Type III outer disc scalelengths (ho) are on av-
erage a factor of ∼ 1.2 larger in the u-band than in infrared (Fig.
13). The scalelengths of the inner disc (hi) are also slightly larger
at shorter wavelengths (i.e. hi/hIRi ≈ 1.1 in u-band at T . 6,
Fig. 13). In fact, the behaviour of hi at different bands resembles
that of single exponential discs (Fig. 10). As such our results
for the Type III profiles are compatible with a mechanism that
boosts star formation, especially in the outer discs, and possibly
causes an up-bend in the radial surface brightness profile. The
larger scalelengths of the outer discs in the u-band relative to
the infrared, does not support the idea that the Type III up-bends
in our sample were due to the stellar halo light (Bakos & Tru-
jillo 2012; Martín-Navarro et al. 2014; Watkins et al. 2016), or
due to a superposition of thin and thick discs (Comerón et al.
2012). Namely, the surface brightness profile upturns caused by
stellar halos are generally found at the surface brightnesses of
µr ∼ 26 − 28 mag arcsec−2, which is deeper than what our data
can reliably probe. The thick disc and halo stars are also very
old and metal poor. This means that in both cases the outer disc
scalelength (ho) of the oldest populations should be considerably
higher than the scalelength of the youngest populations. Our re-
sults in Fig. 13 do not show this kind of behaviour.
It appears that, similarly to Type II breaks, in Type III
breaks the surface brightness at the break radius (µIRBR) and the
break strength (hIRi /h
IR
o ) are also uncorrelated with stellar mass
throughout the mass range of our sample (see Fig. 6 panels f and
g). If the Type III breaks were formed via environmental pro-
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cesses this scalability should constrain the properties of the in-
teraction. The mass ratios, orbital geometries, and gas fractions
of the interacting galaxies could all play an important role in ex-
plaining where in the galaxy the break is formed, or whether a
break is formed at all (e.g. Younger et al. 2007). The mechanisms
responsible for such a scalability of the Type III break properties
is not clear, and it is also uncertain whether the same processes
are creating the up-bending light profiles in low and high-mass
galaxies.
5. Summary and conclusions
We have studied the surface brightness profiles of 753 galax-
ies in a large range of Hubble types (−2 ≤ T ≤ 9), and stellar
masses (8.5 . log10(M∗/M),. 11), and covering a large range
of wavelength bands. We have used the 3.6 µm data from the
Spitzer Survey of Stellar Structure in Galaxies (S4G, Sheth et al.
2010) and Ks-band data from the Near Infrared S0-Sa galaxy
Survey (NIRS0S, Laurikainen et al. 2011). In addition, optical
Sloan Digital Sky Survey images in five bands (u, g, r, i, and
z bands) are used for 450 galaxies, and Liverpool telescope g
band images for 30 galaxies. We have correlated the average be-
haviour of the different parameters of the discs, such as break
type fractions and scalelengths, with the Hubble types and stel-
lar masses of the galaxies. In addition, we have compared the
average behaviour between the different wavelength bands.
The key results of our study are:
1. The stellar mass of a galaxy affects the fractions of the differ-
ent profile types: with decreasing galaxy mass the fraction of
single exponential Type I profiles increases, while the frac-
tions of Type II and Type III profiles decrease.
2. The behaviour of the fractions of the different profile types
can be associated with two factors. Firstly, the frequency of
the Type II breaks connected with the bar resonance struc-
tures, such as outer rings and lenses, increases with galaxy
stellar mass (see Fig. 7). Secondly, the Type III profiles
are found more commonly among the early-type galaxies
(T . 3, see Fig. 4), which are generally also more massive.
3. The observed wavelength band is an important factor in the
determination of the profile type in the low mass irregular
dwarf galaxies, where more Type II breaks are seen in optical
(e.g. U, B, and V bands) by Herrmann et al. (2013), than in
the infrared in this study.
4. The average scalelengths of the inner discs (hi) of Type
II breaks are strongly affected by the observed wavelength
band: they are a factor of ∼ 2.2 larger in u band compared
to infrared. This indicates that star formation and younger
stellar populations strongly affect the properties of the inner
discs. The relation also holds when separating the Type II
breaks into the two main subgroups: breaks connected with
outer rings (R), and those connected with spiral outer edges
(S). For Type II breaks connected with outer rings the in-
crease from infrared to u band is only a factor of ∼ 1.3 in
Hubble types T . 1.5.
5. The Type II outer discs of late-type (T > 5) and low mass
(log10(M∗/M) . 10.5) galaxies show a decrease in the
scalelength of the outer disc (ho) with decreasing wave-
length. The steeper outer discs at shorter wavelengths, prob-
ing younger stellar populations, could be a manifestation of
star formation threshold creating the break. In addition, the
outer discs are populated by older stars that have migrated
from the inner disc.
6. The scalelengths of the outer discs (ho) of Type III profiles
are on average slightly larger in u-band compared to infrared
(a factor of ∼ 1.2). This increase in ho might be due to en-
hanced star formation in the outer discs, which could be a
result of a past galaxy interaction, or gas inflow from inter-
galactic medium.
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Appendix A: Comparison with previous studies
We compare our results with those previous disc break studies
of low redshift galaxies which use similar methods to study the
disc profiles. Our infrared sample shares 118 galaxies in com-
mon with the optical studies by Pohlen & Trujillo (2006), Erwin
et al. (2008), and Gutiérrez et al. (2011) (P06, E08, and G11
respectively here). We also compared with Muñoz-Mateos et al.
(2013), which has 152 galaxies in common with this study, using
the same 3.6 µm images as used by us.
We find that less than two thirds of the galaxies have been
classified with the same profile type among the different stud-
ies. Namely, 58% of the galaxies we share with P06, E08, and
G11 (68 out of 117), and 63% of those which are studied by
Muñoz-Mateos et al. (2013) (95 out of 152). In Figure A.1 we
summarize the comparison of the profile type classifications be-
tween our study and these above studies. The most common dif-
ferences appear in galaxies have been classified as single expo-
nential Type I in one study, and as Type II or III in some other
study. In ten cases Type I profile in our study is classified as Type
III in P06, E08, or G11 (see Fig. A.1 left panel). In these cases
the Type III break is found at particularly low surface brightness
level, with average µBR ∼ 25.2 in the r band, which is close to
the surface brightness limit of our study (see Table 2). On the
other hand, Muñoz-Mateos et al. (2013), using the same data
as we use, classifies some galaxies with a Type II break, which
we have considered to be of Type I (see Fig. A.1 right panel).
Moreover, Muñoz-Mateos et al. (2013) considers nine cases as
Type II.i which we have classified as normal Type II. This lat-
ter discrepancy could be explained by the different sources of
bar measurements used: Muñoz-Mateos et al. (2013) uses their
own measurements, whereas we use the bar measurements from
Laurikainen et al. (2011), Herrera-Endoqui et al. (2015), and
Díaz-García et al. (2016). Most probably these nine cases are
galaxies in which the bar detection and size measurements have
large uncertainties. The Muñoz-Mateos et al. (2013) study shares
32 galaxies common with P06, E08, or G11: 17 of these galax-
ies have the same disc profile type (53%). To conclude, the dif-
ferences in the profile type classifications appear to rise mainly
from two factors: subjectivity of the profile type classification
because no definite criteria has been established, and differences
rising from the surface brightness limit of used data.
We then compare the parameters of the disc of the galaxies
where the profile type classification is the same in our study and
in P06, E08, or G11 (Fig. A.2 left panels), or in our study and
in Muñoz-Mateos et al. (2013) (Fig. A.2 right panels). In most
cases the measurements of this study agree with those obtained
by P06, E08, G11 in the optical. The agreement with the disc
scalelengths and the break radii is better when compared with
Muñoz-Mateos et al. (2013) (Fig. A.2 right panels). This is ex-
pected because the data used is the same. In summary, if the disc
profile type is the same across the studies then the disc and break
parameters are also comparable. However, even when the same
methods are used, the parameters returned from the disc fitting
can be affected by several factors (e.g. differences in the posi-
tion angle and ellipticity of the isophotes over which the surface
brightness profile is constructed, and differences in the disc fit-
ting region), which could explain the deviation of the parameters
between the different studies.
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Fig. A.1. Break type classifications compared for galaxies that are in our study and in previous studies, namely Pohlen & Trujillo (2006, P06),
Erwin et al. (2008, E08), Gutiérrez et al. (2011, G11), and Muñoz-Mateos et al. (2013). The values in parenthesis are additional cases in which the
same type of break has been found in both studies, but either study has also found an additional break of this type in the same galaxy.
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Fig. A.2. Disc and break parameters compared for galaxies that are in our study and in previous studies, and have also the same profile type among
the different studies. We compare our parameters with Pohlen & Trujillo (2006, P06), Erwin et al. (2008, E08), and Gutiérrez et al. (2011, G11) in
the left panels, and with Muñoz-Mateos et al. (2013) in the right panels.
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